The porcine adenovirus NADC-1 isolate, a strain of porcine adenovirus type 4, has a fibre with an atypical architecture. In addition to a classical virusattachment region, shaft and head domains, it contains an additional galectinlike domain C-terminal to the head domain and connected to the head domain by a long RGD-containing loop. The galectin-like domain contains two putative carbohydrate-recognition domains.
Introduction
Adenoviruses may find application as vectors for gene therapy and cancer therapy and as vaccination agents (for recent reviews, see Arnberg, 2009; Bachtarzi et al., 2008; Thacker et al., 2009) . The family Adenoviridae contains over a hundred known serotypes, including 52 that infect humans. They are non-enveloped viruses with a linear double-stranded DNA genome that can infect all five major vertebrate classes. They have an icosahedral (T = 25) capsid consisting of three major proteins: the trimeric hexon, forming the facets of the particle, the pentameric penton base, which forms the vertices, and the trimeric fibre protein, which extends from the penton base at the vertex positions. Proteins IIIa, VI, VIII and IX reinforce the pentonhexon and hexon-hexon interactions (Nemerow et al., 2009) . The principal structural determinant of adenovirus tropism is its protruding rod-like fibre protein (reviewed in Noureddini & Curiel, 2005; Nicklin et al., 2005) . The distal tip of each fibre is composed of a globular knob domain, which serves as the major viral attachment site for a variety of cellular receptors such as CAR (Roelvink et al., 1998) , CD46/80/86 (Short et al., 2006) and sialic acid (Arnberg et al., 2000) . An RGD motif localized in the hypervariable loop of the penton base of many adenoviruses binds to integrins (Wickham et al., 1993; Li et al., 2001) , which act as secondary receptors, promoting viral internalization. Given the importance of the fibre, structural characterization of different fibre proteins from human and nonhuman adenoviruses has been critical in understanding adenovirus tropism and in developing new vectors with modified tropisms (Nicklin & Baker, 2008) . Animal adenoviruses are of particular interest in this regard, as they may be less immunogenic to humans and have novel receptor-binding properties. Recently, structures of canine and fowl adenovirus fibre heads have been published (Seiradake et al., 2006; Guardado-Calvo et al., 2007; El Bakkouri et al., 2008) .
Porcine adenovirus was isolated for the first time by Haig et al. (1964) , is classified within the genus Mastadenovirus and has a genome of approximately 34 kb. It is commonly regarded as a lowgrade pathogen. Restriction-enzyme mapping and sequence analysis of serotypes 1-5 has shown that serotypes 1-3 are closely related to each other while serotypes 4 and 5 are more divergent. All of the serotypes are distinct from human, murine, canine, bovine and fowl adenoviruses (Hammond & Johnson, 2005) . The porcine adenovirus NADC-1 isolate was isolated from a tonsillar swab of an adult sow in 1972 and is thought to be a strain of porcine adenovirus type 4 (Kleiboeker et al., 1993) . Its 703-residue fibre protein is unique among adenovirus strains and contains, from the N-terminus to the C-terminus, a tail domain (residues 1-37) where the interaction sequence with the penton protein is found, a short shaft domain (residues 38-120) with up to six predicted triple -spiral repeats (van Raaij et al., 1999) and what was predicted to be a larger than average head domain (residues 121-703; Kleiboeker, 1995;  Fig. 1 ). The first 167 amino acids of this domain (121-287) are homologous to other adenoviral head domains; therefore, we propose to designate this as the head domain and differentiate the sequence C-terminal to this as follows. The sequence adjacent to the head domain (288-392) contains an RGD sequence and alanine-rich and glutamate-rich sequences that are likely to be involved in interaction with integrins. Additionally, a domain composed of two carbohydrate-recognition domains (CRDs) repeated in tandem was predicted from sequence analysis (residues 393-681). This galectin-like domain is unique among adenovirus fibres; only one other galectin-like domain has been identified in viruses (in lymphocystis disease virus; Cooper, 2002) . The porcine adenovirus galectin-like domain is composed of two carbohydrate-recognition domains linked by a 23-residue sequence rich in prolines. The position of the putative CRDs at the C-terminus of the fibre suggests that the NADC-1 virus may employ interactions with cell-surface galactosides as a method of cell attachment.
Here, we describe the expression, purification, crystallization and crystallographic data collection of two protein-construct crystals containing the head (116-291) and galectin-like domains (393-703) of porcine adenovirus NADC-1.
Methods

Construction of expression vectors
Porcine adenovirus NADC-1 (catalogue No. 030-PDV) was obtained from the National Veterinary Services Laboratories of the USDA Animal and Plant Health Inspection Service (Ames, Iowa). The NADC-1 fibre gene sequence was amplified directly from the viral stock using the polymerase chain reaction (PCR). DNA fragments encoding porcine adenovirus NADC-1 fibre (UniProt accession code Q83467) residues 116-291 (the predicted head domain; Fig. 1 ) and 393-703 (the predicted galectin-like domain) were produced by PCR from a plasmid (pKan-NMOvPAd4) which encodes the shaft, head and galectin-like domains of the fibre gene and cloned into the expression vector pET28c(+) (Novagen/Merck, Nottingham, England) between the BamHI and NotI restriction sites. The start codon of the expression vector pET28c(+) was used; a stop codon was inserted after residue 291 for the head-domain expression clone; the galectin-like domain, being the C-terminal domain, ends at residue 703, the last residue of the porcine adenovirus type 4 fibre. The resultant plasmids pET28c-pAd4Fib116-291 and pET28c-pAd4Fib393-703 encode the head and galectin-like domains, respectively, fused to an N-terminal purification tag containing six consecutive histidine residues and a T7 tag (MGSSH HHHHH SSGLV PRGSH MASMT GGQQG RI; Novagen; the T7 tag is an 11-amino-acid peptide encoded in the leader sequence of T7 bacteriophage gene10 for which specific monoclonal antibodies and antibody-containing chromatography resins are available). The sequences of all inserts were confirmed by DNA-sequence analysis (Sistemas Genó micos, Valencia, Spain).
Protein expression and purification
Escherichia coli strain BL21 (DE3) was freshly transformed with pET28c-pAd4Fib116-291 or pET28c-pAd4Fib393-703 and four 0.7 l cultures were grown aerobically at 310 K to an optical density of 0.6-0.8 measured at 600 nm. In the case of the head domain, growth was allowed to continue for 3 h at 310 K after induction with 1 mM isopropyl -d-1-thiogalactopyranoside. For expression of the galectin-like domain, cultures were cooled on ice before induction and growth was allowed to continue for 16 h at 289 K. Harvested cells were resuspended in 40 ml of a buffer containing 50 mM Tris-HCl pH 8.5, 1 M sodium chloride and frozen at 253 K. Bacteria were lysed by a double pass through an emulsifier (Avestin EmulsiFlex C5, Avestin Europe GmbH, Mannheim, Germany). After removing insoluble material by centrifugation (20 min at 20 000g), 4 ml Ni-NTA resin (Qiagen, Valencia, California, USA) was added. The suspension was incubated for 1 h at 277 K and poured into an empty column and the resin was washed using the same buffer. For purification of the head domain, elution was performed with a step gradient of imidazole pH 7.0 (10, 20, 50, 100, 200, 400, 600, Predicted domain organization of porcine adenovirus type 4 NADC-1 strain fibre. The amino-acid sequence (single-letter code; above) and a schematic drawing (below) are shown. The predicted virus-binding tail (residues 1-37) is shown in black, the shaft domain (40-120) in white, the predicted head domain (121-287) in light grey, the RGD-containing domain (292-392) in white and the predicted galectin-like domain (393-681) in dark grey. The putative integrin-binding RGD sequence is indicated in bold in the sequence and with an asterisk in the drawing. The sequences expressed and crystallized (116-291 and 393-703) are underlined; they correspond to the head and galectin-like domains plus a few N-terminal and C-terminal amino acids. It should be noted that in the absence of electronmicroscopy data the relative orientations and dimensions of the domains are unknown.
column (Bio-Rad, Madrid, Spain). The protein did not bind and eluted in the flowthrough. Fractions containing galectin-domain protein were pooled, concentrated to 1.0 ml using Centricon concentrators (Milipore, Madrid, Spain) and loaded onto a Sephacryl S100 gel-filtration column (GE Healthcare, Alcobendas, Spain) equilibrated with TE buffer pH 8.5 containing 150 mM sodium chloride.
Crystallization and data collection
Crystallization took place by vapour diffusion in sitting-drop CompactClover plates (Jena Biosciences, Jena, Germany), with 0.15 ml reservoirs and drops consisting of 4-5 ml protein solution mixed with equal volumes of reservoir solution. The head-domain protein was concentrated to 40-60 mg ml À1 using Centricon concentrators, incorporating three washes with TE buffer pH 8.0 to eliminate small-molecule impurities. 1 M lithium sulfate supplemented with polyethylene glycol was used as the reservoir solution for crystallization; equivalent crystals were obtained over the range 1-10%(w/v) polyethylene glycol 8000. Ligand-free galectin-domain protein was concentrated to 10-20 mg ml À1 using Centricon concentrators, incorporating three washes with TE buffer pH 8.0. Galectin-like domain crystals were obtained using 25%(w/v) polyethylene glycol 3350, 500 mM sodium nitrate as reservoir solution and with 2 mM sialic acid added to the drop as an additive (although carbohydrate-array experiments showed that the galectin-like domain does not bind sialic acid; results to be published elsewhere). For data collection, galectin-like domain crystals were transferred to reservoir solution containing 20%(v/v) glycerol, keeping the concentrations of the precipitant components constant. For both headdomain and galectin-like domain protein preparations, the final buffer was TE buffer pH 8, although traces of imidazole or sodium chloride may remain, respectively. We did not check the final pH; owing to the low concentration of buffering agent the pH may have changed upon the addition of precipitant solution and/or cryoprotectant.
Computation
Prediction of structural disorder was performed with the programs FOLDINDEX (Prilusky et al., 2005) and RONN (Yang et al., 2005) . Crystallographic data were integrated and scaled using the HKL-2000 suite of programs (Otwinowski & Minor, 1997; head-domain crystals) or by a combination of MOSFLM (Leslie, 2006) and SCALA (Collaborative Computational Project, Number 4, 1994) . Data-processing statistics are summarized in Table 1 . Self-rotation functions were calculated with the program XPREP (Sheldrick & Schneider, 2001 ).
Results and discussion
The fibre of the porcine adenovirus NADC-1 isolate is predicted to be composed of an N-terminal virus-binding peptide that is likely to be disordered in the absence of the rest of the virus, a relatively short shaft region, a head domain and a predicted galectin-like domain (Fig. 1) . In silico analysis predicts the region between the knob and the galectin-like domains (amino acids 292-392) to be flexible. Consistent with this, truncated versions of the protein containing residues 292-392 either did not form crystals or the crystals obtained did not diffract. The loop of the human adenovirus type 2 penton that contains the RGD sequence is also highly flexible and this flexibility may be related to its biological function (Zubieta et al., 2005) . We did obtain diffraction-quality crystals of the head domain and of the galectin-like domain independently.
For the head domain (amino acids 116-291), large crystals were obtained ( Fig. 2a) (hkl) is the intensity of the ith measurement of the same reflection and hI(hkl)i is the mean observed intensity for that reflection. ‡ According to Matthews (1968) and assuming two domain trimers and four copies of the galectin domain in the asymmetric unit.
Figure 2
Crystals of (a) head-domain and (b) galectin-domain crystals, measuring approximately 0.5 Â 0.5 Â 0.5 and 0.4 Â 0.1 Â 0.02 mm, respectively. were tried without success (oil-based methods were not tried). However, a complete data set was collected to 3.2 Å resolution at room temperature (Table 1 ). The self-rotation function (not shown) showed the presence of two independent threefold noncrystallographic axes, suggesting the presence of two trimers in the asymmetric unit and a solvent content of 79.3% (Matthews, 1968) . Crystals of the galectin-like domain appeared after 1-2 weeks (Fig. 2b) . A complete data set was collected to 1.9 Å resolution (Table 1) . Four copies of the galectin domain are expected in the asymmetric unit.
Structure solution by molecular replacement has been performed; refinement and analysis are ongoing and will be reported elsewhere. The structures will provide insight into the receptor and carbohydrate ligand-binding properties of the porcine adenovirus NADC-1 isolate fibre. These structural data may also be useful for designing mutants that bind other sugars and chimeric adenoviruses targeting specific cell types (Paul et al., 2008) . If suitable cryo-electron microscopy images can be obtained, the high-resolution crystal structures will be fitted into EM maps to produce an overall picture of the relative organization of the domains in the intact fibre.
